The effect of light scattering on the extinction spectra of organic nanocrystals was investigated by absorption and extinction measurement and by theoretical calculation for typical organic nanocrystals of a-perylene. In the extinction spectra, the exciton band shows a size-dependent redshift and tail toward longer wavelengths due to scattering as the crystal size is increased beyond $50 nm. In the absorption spectra, the exciton band blueshifts from that in the bulk crystal for crystal sizes less than $200 nm due to the anisotropic exciton structure in perylene. The calculation qualitatively supports these results. The effect of scattering always makes the extinction band redshift from the absorption band.
Recently, organic nanocrystals have been studied extensively because of their potential application as functional nanomaterials. 1, 2 Their optical and electronic properties, however, are less understood compared to those of their inorganic counterparts, i.e., semiconductor quantum dots. Organic nanocrystals show unique optical features different from either bulk crystals or monomers. For example, perylene nanocrystals of a few hundreds of nanometers in diameter show an unusual "quantum size effect" with a blue-shifted exciton absorption compared to the bulk crystal. [3] [4] [5] [6] [7] [8] These crystal sizes are more than ten times larger than those of semiconductor quantum dots which show the same amount of blueshift. Similar size-dependent blueshifts are observed also for polymer nanocrystals such as poly-diacetylene nanocrystals for the sizes of the order of 100 nm, 9 which is also of great interest.
Organic nanocrystals are readily fabricated by a reprecipitation method. 10 At present, the control of nanocrystal shape and size is not perfect since the formation of nanocrystal is due to a self-assembly mechanism. Thus individual nanocrystals have their own, respective optical properties, requiring absorption measurement of single organic nanocrystals for their proper characterization. There have been several reports on absorption measurement of single semiconductor quantum dots as small as several tens of nanometers. 11, 12 Very recently we have realized broadband absorption microspectroscopy of single organic nanocrystals. 13, 14 Because the typical sizes of organic nanocrystals formed by the reprecipitation method are in the range from 50 nm to 100 nm or more, which is a significant fraction of the light wavelength in the material, the effect of light scattering on the absorption spectra must be taken into account. Although the effect of scattering on the optical response of metal nanoparticles has been studied fairly well, 15 there has been little work on the scattering effect on the absorption spectra of organic and semiconductor nanocrystals. 16 While the formal difference between extinction and absorption is very clear, almost all optical measurements of organic nanocrystals implicitly assume that the difference is small. Since the measurement of extinction spectra of single organic nanocrystals has been realized, a careful analysis of the effect of scattering on the spectra is necessary.
In this letter, we show that experimental extinction spectra includes the effect of scattering so that absorption spectra of organic nanocrystals need to be carefully interpreted using theoretical modelling. We investigate nanocrystals of a-perylene. [3] [4] [5] [6] [7] [8] Perylene is a representative polycyclic aromatic hydrocarbon and is a candidate for blue organic light-emitting diodes or is used for optical tagging in biological studies. Nanocrystalline form may have advantages over bulk crystal or monomers for these applications, 2 whereas several aspects of optical properties such as the unusual blueshift are not understood. Our calculation includes an accurate model for the dielectric constant of perylene reflecting the crystal and molecular anisotropy as well as electromagnetic propagation effects. Our results show that there is a "spurious" red-shift in extinction and therefore an analysis taking scattering into account is necessary for understanding size and shapedependent blue-shift in perylene nanocrystals.
Perylene nanocrystals were made by the reprecipitation method. 10 Briefly, perylene/acetone solution was mixed with distilled water to crystallize the nanocrystals. Aqueous suspensions of nanocrystals were obtained after vaporizing acetone. Controlling the concentration of perylene and the solution/water ratio, nanocrystals of average size from 100 to 200 nm can be fabricated. For larger crystals, nanocrystals grown in water are used as nuclei for further crystal growth by mixing perylene/acetone solution with the aqueous suspension of nanocrystals. For smaller crystals, a hot perylene/dimethylsulfoxide solution with a high perylene concentration was mixed with cool distilled water. The scanning electron microscope (SEM) images of nanocrystals are shown in Fig. 1 The absorption spectra of perylene nanocrystals suspended in water for average sizes of 74 nm, 144 nm, 193 nm, and 318 nm in diameter were measured with a spectrophotometer with an integrating sphere (JASCO, V-7200) as shown by the solid curves in Fig. 2 . The exciton band shows a blueshift with respect to that in bulk as the crystal size is reduced. This large "quantum size effect" is an intriguing property of perylene nanocrystals.
By comparison, the dashed curves in Fig. 2 show the extinction spectra of the same samples, measured with a spectrophotometer in transmission geometry with a small solid angle of collection (Shimadzu, UV-3150). The spectra show a redshift of the exciton band as the crystal size is increased with respect to that in the absorption spectra and a strong tail extending toward longer wavelengths. These features are caused by scattering, as demonstrated by the theoretical calculation below. Both the experiment and theory show that scattering has the effect of producing an apparent redshift in large nanocrystals. This could be wrongly interpreted as a size-dependent blueshift as the nanocrystal size is reduced.
Scattering by spherical particles of isotropic materials can be rigorously calculated by the Mie scattering theory. 18 However, even if we assume a spherical shape, perylene is an optically anisotropic crystal (C 2h monoclinic), so a numerical approach is necessary. We used the Purcell-Pennypacker method 19 (also known as the discrete dipole approximation or DDA), which involves dividing a crystallite of dielectric constant into a discrete cubic array of cells j ¼ 1,2,…,n.
The calculation requires knowledge of the frequencydependent dielectric constant of perylene. As there is little reliable data on the dielectric constant in the visible region of interest, we developed a model for starting from the molecular polarizability a and dipole-dipole interaction between the molecules. The local field at each molecule in a unitcell is calculated self-consistently in terms of the sum of the dipole fields due to all other molecules. We then obtain the susceptibility as the ratio of the dipole moment per unit volume and the macroscopic field. Details will be published elsewhere. Non-zero components of are
where the indices run over the crystal axes a, b and c 0 and v c is the volume of the unit cell and L 6 are the dipole sum tensors 20 for the crystal lattice of perylene as tabulated in Table I . The components of a along the molecular axes were modelled as sums of Lorentzians. We included the lowest 7 molecular transitions that cover energies up to 6 eV with oscillator strengths and transition frequencies taken from Ref. 3 . Fig. 3 shows the calculated extinction and absorption spectra of spherical nanocrystals 20 nm, 100 nm, and 300 nm in diameter. Although the shape is assumed to be spherical, full anisotropy of the dielectric constant is included and all results are orientationally averaged. For 20 nm nanocrystal, scattering is negligible and absorption and extinction are almost indistinguishable. As the size increases to 100 nm, scattering is not negligible but the spectral features and especially the lowest energy peak position are nearly the same as seen in extinction and absorption. In contrast, for nanocrystals as large as 300 nm, the extinction spectrum deviates considerably from the absorption spectrum. The latter develops a broad tail below the onset of absorption and exhibit an apparent redshift in the lowest energy peak. The long-wavelength tail is due to the well-known Rayleigh scattering while the broad peak in the extinction spectrum is due to sizedependent resonances in scattering interfering with absorption.
Considering that there are no adjustable parameters in the model for , the good agreement between theory and experiment is striking. The calculation clearly shows that the apparent redshift observed in the transmission measurement is due to scattering. More importantly, the blue-shift in the excitonic absorption peak in small nanocrystals (<200 nm) is well reproduced in the calculation. The origin of this FIG. 1. SEM images of nanocrystals. The samples were prepared starting from an aqueous suspension of nanocrystals that was cast and dried on a slideglass.
FIG. 2. (Color online)
Extinction and absorption spectra for water suspensions of perylene nanocrystals of 74 nm, 144 nm, 193 nm, and 318 nm in average diameter. 17 The peak positions are designated by the arrows. The dashed line at 468 nm is the free exciton energy of bulk crystal at 312 K. blue-shift may be understood from the nature of the lowest energy exciton state in perylene. It arises from a transition polarized along the long axis of the molecule that splits into two excitonic states with A u and B u symmetry in the crystal. The energies of these excitons in our calculated epsilon are indicated by arrows in Fig. 3 . The A u exciton defines the band-edge and is polarized along the b-axis of the crystal. It is very weak because the b-axis nearly orthogonal to the long-axis of the molecule. The B u exciton is polarized in the a À c plane with a much stronger dipole moment as the c axis is nearly parallel to the long-axis of the molecule. Thus, in a collection of randomly oriented nanocrystals, the absorption is dominated by the B u exciton which is blue-shifted from the A u exciton by Davydov splitting. In general, peaks in absorption are determined by the resonances in as well as the electromagnetic field profile inside the nanocrystal. As the nanocrystal size increases, the field profile is significantly modified by scattering effects and this accounts the slight redshift and change in line shape of absorption for the larger, 300 nm, nanocrystal.
In conclusion, the effect of scattering on the absorption spectra of an ensemble of perylene nanocrystals was evaluated experimentally and theoretically. Experimental data shows that scattering cannot be neglected for sizes more than about 50 nm since it makes the extinction spectra exhibit an apparent redshift for larger sizes. The calculated extinction spectra are in qualitative agreement with this observation. Further, the blue-shift in the onset of absorption is attributed to the strong absorption by the B u exciton. More importantly, the easy access to the strong B u excitonic absorption in perylene nanocrystals as opposed to bulk crystals may help making more efficient optoelectronic devices based on perylene. Our result indicates that the scattering could mask the true shape and position of absorption bands, a result applicable to all nanocrystals that are comparable in size to the wavelength. 
